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DEVELOPMENT OF HIGH-EFFICIENCY
SOLAR CELLS ON SILICON WEB
WESTINGHOUSE ELECTRIC CORP.

A. Rohatgi
D... Meier
R.B. Campbell

R.G. Seidensticker
P. Rai-Choudhury

Specific Tasks
o |nvestigate The Heat Treatment Effects On Web Quality
o |nvestigate The Influence Of Twin Plane Lamellze,
: Trace Impurities And Stress On Minority Carrier
i Lifetime

o Fabricate High Efficiency Web Solar Cells

Milestone Chart

g 1984 1985
; AMJJASONDIJF
; Task 1. Investigate Lifetime In Web 4
i Task 2. Develop Process Techniques 4
; Task 3. Reduce Surface Recembination * —4
% Task 4. Provide Samples To JPL a L
; Task 5. Fabricate Web Solar Cells —
pt Task 8. Support Meotings As Required By JPL

Tatk 7. Bocumentation Aabrssnoaaa
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HIGH-EFFICIENCY SILICON SOLAR CELL RESEARCH

Calculated AM1 Performance of Standard Web Cells
With Base Diffusion Lengch as a Farameter

Cell Base: 4 Ohm-cm (3.5e15/cm3) P-Type,
150 Microns Thick

Ln Joe Job Jse Voo Eff  Eff
(Microns) (A/cm3) (A/cm3) (mA/em2) (V)  FF (%) (%)

10 1.6e-12 32.1e-11 24.6 471 793 9.2 83
30 1.6e-12  9.5e-1l 30.6 508 .80z 125 11.2
60 16e-12  5.3e-11 33.2 525 809 141 127
150  1.6e-12  2.0e-11 36.5 531 815 164 148
300  16e-12  1le-ll 37.6 566 .819 174 157

Note:
1. Calculations Were Made Using Martin Wolf's Program SPCOLAY.BAS

2. Calculated Values Do Not Account Fcr Grid Shadowing. Light Reflection.
Or Resistive Losses. In Order To Estimate These Effect, The Calculated
Efficiency (Eff) Was Multiplied By 90% To Give A More Realistic Efficiency
{Eff').

3. The Model Accounts For Variation In Doping Density In The Emitter Ana
In The Back Region. For Both The n+p And p+p Regions The Junction
Depth Was Taken To Be 0.3 Microns With A Surfa.. Conceatration 0f
8.0E19/¢m3.

4. The Surface Recombination Velocity Was Taken As 1G,000 cm/sec 0aThe
Front (AR Coating On Bare Silicon) And 1,000,000 cm/sec On The Back
(Metal On Silicon).

159% Baseline Web and Float-Zone Silicon Cell

n*-p-p* With Single Layer AR And NO Oxide Passivation

Cell ID e Vo FF 7 To
4412-49W 3.8 0588 080  15.0% #0us
Cell 63A, 4 0-cm
FL, 4 0-cm 334 0584 078  152% ASus

racp 0f 40 usecs =360 um Diffusion Length In 4 N-cm Base
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HIGH-EFFICIENCY SILICON SOLAR CELL RESEARCH

Scatter Plot for As-Growr: Web

Development Furnaces J,N R, and Z are Plotted as 10,11,12, and13
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HIGR-EFFICIENCY SILICON SOLAR CELL RESEARCH

Effect of Quench Temperature and Cooling
Rate on Generation Lifetime

Table 4 — Effect Of Queiich Temperature Of Lifetime
And Defects In FZ Silicon?

Quench Temperature, °C Lifetime, us
500 2012
600 2000
700 850
800 73
900 40

0xidation Was Performed At 1100°C With 1% HCI By Using

Back-Surface Damaged Wafers And A Cooling Rate Of 1°C/Min.

1500

Cenerstion Ufetims { 4 secs)

Corve THTH 4
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HIGH-EFFICIENCY SILICON SOLAR CELL RESEARCH

Effect of Process Sequence on Lifetime in FZ Silicon

Process Lifetime
(us)
1% HOI Oxidation At 1100°C 2115
Slow Cooled
J
1 Hr Anneal in N2 At 1100°C 50
Quenched
|
1 Hr Anneal in N7 At 1100°C 1400
Slow Ccoled
1% HC! Oxidation At 1100°C 60
Quenched
|
1 Hr Anneal In Ny At 1100°C 1650
Slow Cooled
|
1 Hr Anneal In N; At 1100°C 40
Quenched

Back Surface Of The Samples Was Damaged
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HIGH-EFFICIENCY SILICON SOLAR CELL RESEARCH

Effect of Dry Oxidation Temgerature on SPV
Diffusion Length for a Dendritic-Web Silicon Crystal

100

Diffuslon Length (um)
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Siticon Dendritic Web Crystai 1-288-7,3

Heat Treatment :
Dry Oxidation for 1 Hour
Stow-Cool at 1°C/min to 600°C in Nitrogen

[ ]
(As-Grown)

LA 1 1 1 1 1

100 200 900 1000 1100 1200
Oxidation Temperature (°C)
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HIGH-EFFICIENCY SILICON SOLAR CELL RESEARCH

Diffusion-Length Map of Web Crystais
as a Function of Cell Processing

As After  After After
Sample Grown BSF  POCi, Passivation

ID Crystal 1D L{um) L(um) L(um) L (um)

# 4.229 - 4.2 (0.5 N-cm) 27 51 41 30
$3  4.227-24(..% 0-cm) 27 51 2 26

#5  4225-32(150-cm) 23 9 40
25 1288-55(0<cm) 28 - 52 76
#26 1288-56(A0-cm) 28 - 124 60
#90 1288-74(40-cm) 26 - i10 88

#26 2.244-6.4 (5 Q-rm) 25 40 71 63
#28  2.244 -7.3 (4 Q-cm) 22 74 76 80

#76  3.155-~11.7 (4 Q-cm) 13 151 124 3
#77  3.155-15.5(4 Q-cw) a3 50 78 -
#79  3.155-15.3(4 N-cm) 16 - 91 103

FZ Wacker 0.25 0-cm 216 220 220 225

Note: On 4 N-cm Web Crystals AESD Made Baseline Cells (n*-p-p* With
14.5 - 15% Efficiencies
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HIGH-EFFICIENCY SiLICON SOLAR CELL RESEARCH

‘ Effect of Residual Stress on Diffusion Length in ‘Veb
Silicon Before and After 960°C Boron Diffusion

Residual Diffusion Length  Diffusion Length
Stress As-Grown After BBr3
Crystal Mdyne/cm?2 Microns Microns
1-025-3.4 14 19 16
. 1-025-3.10 40 16 23
’ 1-025-3.15 42 16 12
1-028-12.4 <5 25 27
1-028-12.10 <5 40 -
‘ 1-025-12.16 <5 33 116
- R-461-5.3 <5 17 39
- R-461-5.8 <5 9 -
s R-461-5.13 <5 10 83

Note:

1. Crystal Z-025 Was Grown With J435 Configuration And Crystals 2-028
And R-4561 Were Grown With J460L Configuration;

2. Web Was 4 Ohm-cm, P-type

Observations:

1. Diffusion Length For Web Crystal With High stress (Z-025) Did Not
Improve After Boron Diffusion;

2. In Three Of Four Samples With Low Stress, The Diffusion Length
Improved Appreciably After Boron Diffusion
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HICH-EFFICIENCY SI1ICON SOLAR CELL RESEARCH

Model Calculations for the Effect of Electrical
Activity of the Twin Plane on V¢ in 4 ohm-cm Web Cells
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HIGH-EFFICIENCY SILICON SOLAR CELL RESEARCH

Calculated AM1 Perforinance of Standard and Low-Resistivity
Web Cells With Base Diffusion Length as a Parameter

A. 4 Ohm-cm (3.5e15/cm3) P-Type, 150 Microns Thick
Ln Jge Job Jsc VOC 1] 1
(Microns) (A/emd)  (A/em3) (mA/em2) (V)  FF (%) (%)
10 1.6e-12  32.1e-11 246 A71 793 9.2 83
30 16e-12  9.5¢-11 30.6 508 802 125 112
60 1.6e-12  5.3e-11 332 525 809 141 127
150 1.6e-12  2.0e-11 36.5 551 815 164 148
. 300 i.6e-12 Lle-11 3716 566 .8'9 174 157
: B. 6.2 Ohm-cm (1.0e17/cm?) P-Type, 150 Microns Thick
Lﬂ Joe Job JSC Voc E" Eﬂl
(Microns) {(A/em3)  (A/cm3)  (mA/em?) (V) FF (%) (%)
10 16e-12  7.5e-12 24.2 563 817 111 100
30 1.6e-12  2.5¢-12 30.0 589 824 146 131
60 1.5e-12 1.2¢-12 33.0 501 826 164 148
150 1.6e-12  0.6e-12 35.1 609 .831 178 160
300 1.6e-12  0.5e-12 35.7 611 832 181 163
Note:
1. Calculations Were Mad: Using Martin Wolf's Program SPCOLAY.BAS i

2. Calculated Values (10 Not Account For Grid Shadowing, Light Reflection, Or Resistive Losses. I
Order To Estimate Thase Fifect, The Calculated Efficiency (Etf) Was Multiplied By 30% To Give A
Mors Realistic Efficiency (E5t').

3. The Model Accounts For Variation In Doping Dansity in The Emitter And In The Back Regivn. For
Both The n+p And p+p RuionSTho Junction Depth Was Taken To Be 0.3 Microns With A Surface
Concentration 0f 8.0e19/¢m?.

4. Sgront = 104 cm/sec (AR On Bare Si); Spycp = 108 em/sec (Metal on Si)
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HIGH-EFFICIENCY SILICON SOLAR CELL RESEARCH

Effect of Oxide Passivaticn on 4 ohm-cm FZ Silicon

Table 1 - Baseline Unpassivate” Solar Cells {n*-p-p*)

Fabricated On 4 Ohm-cm kloat Zone Silicon

Short Circuit | Open Circuit Cell
Cell 1D | CuirentJgc | Voltage Voo | Fill Factor | Efficiency
mA/cm? Yolts %
1 33.3 0.582 0.757 14.8
4 32.9 0.581 0.772 147
6 334 0.583 0.780 15.2

Table 2 - (.xide-Pas<ivated Solar Cells On Boron-Doped

4 Ohm cm Float-Zone Silicon

J :T‘—- v - 7

ClD | a/emd) | (volts) FF (%)
: HIEFY 4-4] 36.1 l 0.599 v.794 17.1
! 5| 36.2 0.600 | 0.793 17.2
: 7| 362 0599 | 0.791 17.2
1 * Improvements: Algc ~ 3 mA/cmZ, AVgg ~ 20 mV, An ~ 2%

Al)g ~ Factor Of Two

Solar-Cell Data ¢on 4 chm-cm Web With

and Without Oxide Passivation

; Short-Circuit  gpen-Circuit Cell

: Current Jg¢ Voltage Yy, Fill Efficiency

K CelliD  (mA/cm?) Volts’ "actor (%)

! Without Passivation
W6 327 0.575 0.782 147
LU 33.1 0.577 0.784 15.0

) With Oxide Passivation

' Wl 34.6 G.584 0.784 15.9
w2 34.5 0.586 0.794 15.8
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